We derive a novel high-frequency asymptotic solution for scattered fields by a junction of planar impedance surfaces assuming that the transmitting and the receiving antennas are placed sufficiently away from the impedance surfaces. An integral representation for scattered fields derived by using the aperture field method is evaluated asymptotically by applying the saddle point technique applicable uniformly as the saddle point approaches the endpoint of the integral. The novel asymptotic solution includes the higher-order term. By comparing with the reference solution calculated by the numerical integration of the integral, the validity of the asymptotic solution is confirmed.
Introduction
Medium-frequency and high-frequency ground wave propagation over the earth's surface plays one of the most important roles for long distance communication. The ground wave is strongly affected by the abrupt change of the surface impedances of the earth [1, 2, 3] .
When both the source and the observation points are located sufficiently away from the earth's surface, one may obtain the electric field representation composed of the geometrical ray reflected either on the land or the sea and the scattered ray diffracted by the junction of surface impedances of the land and the sea [4, 5, 6] . The UTD (Uniform Geometrical Theory of Diffraction) solution for the scattered fields by the junction of two impedance half-planes has been obtained by using the Wiener-Hopf technique [7, 8] .
In this study, we shall obtain a novel high-frequency asymptotic solution including the higher-order term for the scattered fields by the junction of planar impedance surfaces. We will use the aperture field method (AFM) [4] and the saddle point technique [9] applicable in the case when the saddle point approaches the endpoint of integral representing the scattered fields. In the analysis, we will assume that both the transmitting and the receiving antennas are placed sufficiently away from the impedance surface. We will confirm the validity and applicable range of the novel asymptotic solution by comparing with the reference solution calculated from the numerical integration of the integral. Also shown is the physical interpretation of the asymptotic solution proposed in this study. Fig. 1 shows the Cartesian coordinate system (x, y, z) and a planar impedance surface consisting of the impedances
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Formulation and integral representation for electric field
Here, ε a (ε b ) and σ a (σ b ) denote, respectively, the permittivity and the conductivity of the surface impedance Z a (Z b ). The junction C of the surface impedances is located at x = d, −∞ < y < ∞, z = 0. The vertical transmitting antenna T and the vertical receiving antenna R are placed at (0, 0, h) and (x, 0, z), respectively. We assume the aperture Then by applying the AFM, we obtain the equivalent current J induced on the aperture plane [4, 5, 6 ]. In Fig. 1 (b) , we have shown the equivalent current J induced at the point (d, 0, z ) and the direct ray J → R and the reflected ray J → A → R radiated from J and reaching the receiving antenna R(x, 0, z).
The vertical electric field E z observed at the receiving antenna R due to the equivalent current J may be obtained from [4, 5, 6] ,
where the amplitude and the phase functions are given as follows. For j = 2:
and for j = 3:
In (1), I and denote, respectively, the antenna current and the antenna length of the transmitting antenna T in Figs. 1 (a) and 1 (b). In (2), z is the integration variable on the aperture plane (x = d, y = 0, 0 ≤ z < ∞) (see Fig. 1 (b)) and k 0 (= ω √ ε 0 μ 0 ), ε 0 , and μ 0 denote the wavenumber, the permittivity, and the permeability in the air, respectively. The notations θ a ,
, and R b,2 used in the above equations are defined in Fig. 1 (b) . The time factor exp(−iωt) is suppressed throughout this paper.
Asymptotic solution for vertical electric field
The integral I j (k 0 ) in (2) associated with (3)∼(6) can be evaluated asymptotically for large k 0 , i.e., for k 0 1, by extending the integral along the real z to the complex z -plane and applying the saddle point technique [9] . The original integration path may be deformed into the steepest descent path passing through the saddle point z = z sj determined from
When the receiving antenna is placed near the SB line shown by the dashed line with the shade in Figs. 2 (a) and 2 (b), the saddle point z = z sj is located near the endpoint z = 0 of the integral in (2) . Therefore, by applying the saddle point technique applicable uniformly as the saddle point approaches the endpoint [4, 5, 6, 9] , one may derive the asymptotic solution for the integral I j (k 0 ) in (2) as follows [6] :
j , where I (1) , one may obtain the following novel asymptotic solution for the vertical electric field [6] ,
where E (1) z is the first-order asymptotic solution given by
In (9), Γ a denotes the reflection coefficient obtained from Γ a in (3) by substituting the saddle point z s2 (see Fig. 2 (a) ) for z and R a,2 , R b,1 , and θ a are defined geometrically in Fig. 2 (a) . In (8) ∼ (10), E go z (R 2 ) and E s(1) z denote the geometrical ray T → B → R 2 (x, 0, z) reflected on the impedance surface Z a at the reflection point B and the scattered ray T → C → R 2 diffracted by the junction C shown in Fig. 2 (a) , respectively. Each term used in the scattered ray in (10) is defined by
where E r in , D (1) , and E z,d denote, respectively, the incident ray on the junction C, the first-order diffraction coefficient of the scattered ray, and the ray propagating from the junction C to the receiving antenna R 2 . The notations s, s , φ, φ 0 , θ in , and θ d used in (11)∼(13) are defined in Fig. 2 (a) and the reflection coefficients Γ a and Γ b in (12) are obtained from Γ a in (3) and Γ b in (5) by substituting the saddle points z s2 and z s3 for z , respectively.
While, the second-order scattered ray E
s(2) z
in (7) is given by
where D (2) denotes the second-order diffraction coefficient defined by
The notations E r in and E z,d in (14) have been defined in (11) and (13), respectively. As described previously, E r in and E z,d denote, respectively, the incident ray on the junction C and the ray propagating from the junction C to the receiving antenna R 2 . Thus, the second-order asymptotic solution E s(2) z is physically interpreted as the higher-order scattered ray T → C → R 2 diffracted by the junction C (see Fig. 2 (a) ). This term plays a role as the correction term of the first-order asymptotic solution E (14) are, respectively, the first-order and the second-order asymptotic approximations in the asymptotic expansion [6, 9] of the solution for the scattered ray T → C → R 2 .
First-order scattering takes place at the junction C due to the difference (Γ b − Γ a ) of the reflection coefficients Γ b and Γ a as shown in (12). While the second-order scattered ray is produced at the junction C due to the difference (Γ b − Γ a ) of the derivative of the reflection coefficients Γ b and Γ a as shown in (15). Therefore, when the surface is the homogeneous surface without the junction, the scattered rays E The asymptotic solution in (7) associated with (8) corresponds to the case when the receiving antenna R 2 is placed above the SB line shown in Fig. 2 (a) . In Fig. 2 (b) , we have shown the case when the receiving antenna is placed at R 3 (x, 0, z) below the SB line. In this case, the vertical electric field representation E z (R 3 ) can be obtained from (7) with (8) 
Where, E go z (R 3 ) denotes the geometrical ray T → D → R 3 (x, 0, z) reflected on the impedance surface Z b at the reflection point D (see Fig. 2 (b) ).
Numerical results and discussions
In Figs. 3 (a) and 3 (b) , we have compared the numerical results calculated from the asymptotic solutions E z (R 2 ) and E z (R 3 ) derived in the present study with the reference solution calculated from the numerical integration of the integral in (1) associated with (2) [6] . The vertical electric field magnitudes normalized by ωμ 0 I are calculated as the function of the distance x(λ). As shown in Fig. 3 (a) , the first-order asymptotic solution in (8) ( : dotted curve) and the second-order asymptotic solution in (7) ( · · : chain-dot curve) agree excellently with the reference solution ( : solid curve). We have compared various solutions derived in the present study with the UTD solution given in [8] . It is observed that the various solutions Fig. 3 (a) . It is observed that the first-order asymptotic solution (
) and the UTD solution (• • • ) in [8] deviate from the reference solution in the transition region near the SB. While, in this region, the second-order asymptotic solution ( · · ) agrees very well with the reference solution. Outside the transition region, the first-order asymptotic solution and the UTD solution also agree with the reference solution. It is shown that the higher-order (the second-order) term plays the important role in the transition region near the SB.
Conclusion
In the present study, by applying the aperture field method and the saddle point technique applicable uniformly as the saddle point approaches the endpoint of the integral, we have derived the novel asymptotic solution including the higher-order term for the scattered fields by a junction of planar impedance surfaces. By comparing with the reference solution calculated numerically, we have confirmed the validity and the applicable ranges of the novel asymptotic solution presented in this paper.
